The current research focuses on the mechanical properties and the microstructural behavior of friction stir spot-welded 6061-T6 aluminum alloy reinforced with SiC nanoparticles. Weld samples are produced with and without the addition of SiC nanoparticles to the joint. The microhardness and lap shear strength of the joints are investigated. The cross section of welds and the fracture surfaces are studied by a stereo zoom microscope. Microstructure and distribution of reinforced particles in the stir zone are examined through optical and scanning electron microscopies. It is observed that the reinforcement of SiC nanoparticles significantly influences the grain size and hence the weld properties. The highest hardness of 93 HV and the maximum shear load of 2650.5 N are observed at the stir zone of the sample with 29% SiC. All the weld samples exhibit the similar "W" shape hardness profile. From the observed results, the selected set of process parameters is found adequate in order to fabricate sound Al/SiC composite joints.
Introduction
Aluminum alloys attract the industries because of their attributes such as low density, high specific strength, good castability, and excellent thermal conductivity. They are regarded as the most promising candidates to reduce the weight of automobiles in the automotive and other industries [1, 2] . There are numerous advantages in the 6061-T6 aluminum alloy which include excellent weldability, high mechanical properties, and high strength/weight ratio. In recent years, FSSW, invented by TWI, UK, is being used for welding aluminum alloys and magnesium alloys, which are complicated to weld by the fusion welding process [3] . The FSSW is attributed by the plunging, retracting of the nonconsumable rotating tool with a specified speed rate and short time duration (dwell) between the movements. Consequently, a sort of frictional heat is produced at the interface of the workpiece and the tool, and a solid state bond of a fine-grained microstructure is provided by the plastic deformation between the upper and lower sheets [4, 5] . It is also used as the superior replacement for the resistance spot-welding process, especially for aluminum and steel for which better mechanical properties and environmental and metallurgical behavioral are achieved [6, 7] .
The effect of process parameters on the mechanical properties, microstructure, and fatigue behavior during the FSSW of divergent series of aluminum alloys, copper alloys, magnesium alloys, steels, and dissimilar metals were investigated by many researchers [8] [9] [10] [11] [12] [13] . Cao et al. [14] and Karthikeyan and Balasubramanian [15] evidenced FSSW on 6061-T6 Al alloy and reported that the rotational speed and plunge depth of the tool are the most significant parameters to achieve high strength weld joints followed by dwell time and plunge rate. Su et al. [16] mentioned that the rotational tool speed and dwelling time influence the generation of frictional heat leading to high weld strength. Lee et al. [17] reported that the pin angle of 5°, dwell time of about 4.5-5.5 seconds, rotational speed of 1000-1200 are optimum FSSW condition for expected defect-free FSSW on AA6061. Venukumar et al. [18] [19] [20] studied the effect of different methods of FSSW on aluminum alloy 6061-T6. They attempted a walking FSSW method and suggested that welds obtained at the tool rotational speed of 900 rpm have better static shear strength when compared to the conventional FSSW.
The fabrication of metal matrix composites (MMCs) by friction stir processing (FSP) and friction stir welding (FSW) was also investigated [21] [22] [23] [24] [25] . Bahrami et al. [21] [22] [23] investigated the effects of SiC nanoparticles on friction stir welded 7075 aluminum alloy joints and reported that the size of particles significantly influences the weld strength and microstructural behavior of the weld joint. Paidar and Sarab [26] reported the addition of SiC nanoparticles in the superior strength and wear resistance of FSSW of 2024-T3 aluminum alloy. Tebyani and Dehghani [27] used the SiC particles on FSSW of interstitial-free steels to study the microhardness and tensile strength. It is obvious that the addition of nanofillers improves the mechanical properties of the base matrix drastically [28, 29] . Barmouz et al. [24, 30] investigated the Cu/SiC composite fabricated by FSP and reported that the addition of SiC nanosized particles enhances the wear resistance and hardness of the composite.
In the present research, the different volume fraction of SiC nanoparticles was used for the reinforcement of the FSS weld joint of 6061-T6 aluminum alloy. The effect of the filler on mechanical strength, fracture behavior, and microstructure of the joints was investigated and presented.
Materials and Methods
A commercially available 6061-T6 aluminum alloy sheet, supplied by Cluster Trading Corporation, India, was used to prepare the samples of 100 mm × 35 mm × 2 mm in dimension through electrical discharge machining (EDM). The chemical composition and the mechanical properties of the chosen base metal are shown in Tables 1 and 2 . The overlap area of 35 mm × 35 mm was configured for spot-weld. The SiC nanoparticles with an average size of 50 nm, supplied by Hongwu International Group Ltd., China, were used for the reinforcement. Transmission electron micrograph (TEM) with EDS analysis of SiC nanoparticles is shown in Figure 1 .
The guide hole diameter of 1.0, 1.5, and 2.0 mm was drilled to compact SiC nanoparticles. The volume fractions of the nanoparticles to be compacted in the hole were calculated based on the guide hole diameter and the tool pin dimension. The sample without SiC reinforcement and samples compacted with SiC in the volume fraction of 14, 22, and 29%, respectively, were prepared for the study. The other welding parameters such as tool rotation speed, dwell time, and shoulder plunge depth were kept constant for all the experiments based on the preliminary tests and the available literatures [4, 5] . Table 3 shows the welding parameters selected for the study.
The FSS welding was performed in a CNC vertical machining center with a fixture designed to clamp the specimens as shown in Figure 2 . A tool made of H13 steel, hardened to 55-60 HRC with a shoulder diameter of 12 mm, pin diameter of 5 mm, and pin length of 2.85 mm, was used for experiments. The dimensions of the weld joint and weld tool are shown in Figure 3 .
The photograph of the weld joint prepared for the mechanical test and microstructural examination is shown in Figure 4 (a). The lap shear test was performed on the sample as-welded condition in the computerized universal testing machine (CALPAK) as shown in Figure 4 (b). Each sample was initially fixed onto the machine, and the shear load was gradually applied on the sample at the crosshead speed of 0.5 mm/minute till the sample fractures. The tests were repeated for five samples in each volume fraction, and the corresponding maximum shear load was recorded. The microhardness of the sample across the different regions (SZ, TMAZ, HAZ, and BM) of the weld was measured by a Vicker's microhardness tester (Wilson 402B) with a load of 100g for 10 sec. Macro examination of the weld cross section was carried out using a stereo zoom microscope (Radial RSM-9). Microstructural characterization studies were done using the optical microscope (Invertoplan), scanning electron microscope (SEM) (Tescan vega 3sbh), and field emission scanning electron microscope (FESEM) (SIGMA HV-Carl Zeiss).
Results and Discussions

Microhardness Test.
The microhardness profile of each specimen is represented in Figure 5 . The mean hardness at SZ of the sample without SiC is 81.25 HV. The mean hardness at SZ of 14%, 22%, and 29% SiC-filled samples are 82.62 HV, 85.92 HV, and 93.27 HV, respectively. The hardness of the SZ increases with increase in the volume fraction of SiC nanoparticles. However, significant hardness variation was not observed between the volume fraction of 0% and 14%. This could be due to insufficient quantity of SiC nanoparticles in the joint. The highest value 93 HZ of hardness in the SZ was observed with a volume fraction of 29%. In the Al matrix, as the SiC nanoparticle is distributed in the harder space, it influences grain size, refinement of grains, and different thermal contraction of the Al matrix and filler material [24, 25, 31] . Hall-petch relationship states that a higher value of hardness is obtained by the smaller grain size. But the sample with 29% SiC yielded the maximum hardness despite of its larger grain size [30] . The hardness was found to be gradually decreasing through TMAZ, HAZ and the hardness profile resembles the shape of "W" [19] .
Lap Shear Test.
The photograph of specimens after the tensile lap shear test and the maximum tensile lap shear load obtained from the weld samples with the different volume 6(b) . It is evident that the reinforcement with the different volume fraction of SiC nanoparticles provides a significant variation in the shear strength of FSS weld samples. Frictional heat generation and reinforced particle attribute the grain size and dislocation density, which are the key factors that decide the tensile property of the material [16, 25, 31] . The maximum shear load of 2650.5 N was noticed in the weld joint prepared with the volume fraction of 29%, which is 27.8% higher than the sample without SiC. The shear load of the weld made with a volume fraction of 14% does not have significant influence as it is the same as samples without SiC particles. This behavior is in good agreement with the variation found in the hardness values of the weld joints. The shear mode of fracture was observed in all FSSW samples. Figure 6 (c) shows the load-displacement curve of the welds. Significant increase in the toughness of the SiCreinforced weld is related to the concurrent increase of both elongation and the tensile shear strength. The sample with 29% volume fraction of SiC has the higher amount of elongation compared with the SiC free sample due to the effect of higher reinforcement of SiC nanoparticles.
Macro Examination.
A variation of the cross-sectional macrostructure of FSS welded Al 6061-T6 is witnessed as the volume fraction of SiC nanoparticle varies from 0 to 29% as shown in Figures 7-10 . It is evident from the examinations that it facilitates the weld area around the keyhole. It shows typically bonded regions of weld cross section and indicates good appearance of the weld free from macro defects. The amount of plasticized material and continuous material flow behavior play a fundamental role to obtain the defect-free weld zone [32] . The vigorous stirring action of the rotating tool caused an interaction among the reinforced SiC nanoparticles during plunging and dwelling sequences and resulted a plasticized aluminum stir zone. It was also reported by Su et al. [33] in the past as an upward material flow with an anticlockwise spiral motion was observed in the stir zone formed by Al 2 O 3 reinforced AA6061-T6. The stir zone region associated with each cross section of the weld is observed differently. The larger stir zone area is noticed in the sample of higher reinforcement (29% volume fraction of SiC) as shown in Figure 10 . When the volume fraction of SiC nanoparticles increases, the volume of the dark portion around and below the keyhole also increases and indicates deposition of nanoparticles in that specified regions. It is obvious that the tool movement and frictional heat depend on the operation parameters such as rotary tool 3 Journal of Nanomaterials speed, plunge depth, and dwell time. From the observed results, the selected set of process parameters is found adequate in order to fabricate a sound Al/SiC composite joint.
Microstructural Study.
The cross section of all the weld samples was observed through an optical microscope to investigate the material flow behavior after FSS welding close to the keyhole as shown in Figure 11 . The dynamic recrystallization caused by the pin stirring and frictional heating is the factor for the material flow behavior and the formation of stir zone SZ [32] . The different material flow loci with different bonding and different width of the welded area are observed according to the volume fraction of SiC nanoparticles. It is remarkable that the SZ of the reinforced welds showed an onion ring structure with nonuniform alternating layers according to the volume fraction of SiC as shown in Figures 11(b) and 11(d) . The three regions A, B, and C are observed in the images based on the presence of reinforced SiC nanoparticles near the keyhole. Region A is found having a little or even no distribution of particles. Region B is well developed by the good distribution of particles. But region C is somehow clustered without welldistributed SiC nanoparticles.
The SEM images of SZ of the weld samples without addition of SiC nanoparticles and with the addition of SiC nanoparticles of volume fractions 9%, 22%, and 29%, respectively, are presented in Figures 12(a)-12(d) . It is observed that SiC was mixed with the base metal and located at the interior and middle of the stir zone from the keyhole and some being present at the bottom of the keyhole when particularly in the volume fraction of 14% and 22% of SiC as shown in Figures 12(b) and 12(c) . However, the SiC particles are Journal of Nanomaterials also observed in the exterior of the stir zone area when the volume fraction is 29% as shown in Figure 12 (d).
It is evident that the base metal and the SiC nanoparticles were compressed by the rotating tool during the plunging stage. When the bottom of the tool and the SiC particles come into contact, the SiC particles move to the side faces and then upwards forming a welded area [33] . When the volume fraction is 29%, the width of the welded area increased to larger due to the high contact between the tool and the SiC particles and moreover due to the observed material flow behavior. Figure 13 shows the SEM images of the SZ of the welded samples for all the welding conditions, which indicates that the SiC particles uniformly dispersed into the Al matrix and with respect to the volume fraction of SiC particles.
The grains were refined well by the addition of SiC particles as seen in Figures 13(b) and 13(d) , as compared with the samples without SiC shown in Figure 13 5 Journal of Nanomaterials the homogenous dispersion of SiC particles was observed in the high volume fraction of 22% and 29%, respectively, as shown in Figures 13(c) and 13(d) . Hence, the improved tensile strength is noticed due to the absence of a gap in the substrate/reinforcement interface. Conversely, the lower strength is noticed in 14% SiC and 0% SiC samples, which Journal of Nanomaterials could be attributed by the larger grain sizes associated and mediocre dispersion of the filler. Figure 14 shows the result from EDS analysis of the arrow-marked portion of the sample with 29% SiC shown in Figure 13 (d). The result confirmed the presence of SiC particles in the weld area.
3.5. Study of Fracture Surfaces. Interfacial fracture, shear fracture, and plug fracture are the different kinds of failure modes addressed in the literatures [19, 20] . The fracture surfaces of samples after the lap shear test were studied to understand the mechanism of the shear fracture mode of failure in the lap section. The various views (top and bottom of the upper sheet and top of bottom sheet) of fracture surfaces at different welding conditions are shown in Figure 15 . A circular pattern was observed at the surface of the top sheet almost in the same diameter as the shoulder. The weld keyhole is seen in all the samples in the center of the upper sheet and penetrates through the lower sheet. The crack was initiated in the partial bonding region because of several nucleation sites, and the crack propagated entirely through the bonded area. In shear fracture, the material got sheared off at the circumferential portion of the keyhole due to tearing action as reported in [20] . 17 show FESEM images of the fractured lower sheet of the lap shear specimens without SiC and with 29% SiC nanoparticles, respectively. It is observed that the fracture surfaces consist of finer dimples due to the presence of nanoparticles that led the specimen more ductile [27] . It is also observed from Figure 6 that the significant improvement in the elongation is noticed in SiC-reinforced welds, especially at high reinforcement of SiC, which regarded as a good accordance with ductility. It is worth noting the presence of large pores on the fracture planes in SiC-free samples. In addition, with the fracture surfaces in the same direction, the stretched-out dimples can cause the shear fracture as published in [19] .
Conclusions
Friction stir spot-welding of AA6061-T6 alloy was carried out with and without the addition of SiC nanoparticles. The volume fractions of 14%, 22%, and 29% of SiC were chosen to compact the specimens. The FSS welding was performed with a hardened H13 steel weld tool in a CNC vertical machining center. The tests for mechanical properties and macro and micro examinations were carried out, and the following conclusions are drawn:
(1) The hardness of the stir zone increases with an increase in the volume fraction of SiC nanoparticles. The significant increase in hardness was observed beyond 14% volume fraction of SiC. The highest value of hardness in the stir zone was observed as 93 HZ with the volume fraction of 29% SiC. All the weld samples exhibited similar "W" shape hardness profile 
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